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RF-Synchronization — Overview Phase Distribution
Typical XFEL, RF-synchronization system, Frequency: ~GHz, Length ~km:

Injector LINAC Experimental Hall
GUN— Al — AH1——BCO— L1 —BCL— L2 —|BC2— L3 <

270 Clients for RF Signals

—

H
—
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Customers: 24/7 Operation

RF Clock _ _ Beam Diagnostic
o I Relative phase noise > LLRF Svstems
a Common absolute : Y
phase noise Kicker Magnets
Sources of timing jitter short-term, long-term: Properties of a passive RF-cable distribution:

Shortrange 1 us...1ms:
PS, EMI, Electronics, Material Prop, ...

Mid range 1ms...10s:
Acoustic, Fans, Seismic, Air/Water flow, ...

(+) Minor short-term jitter contribution

(+) Relatively low cost for small facilities

(--) Drift ~20fs/m/K (T, RH, air pressure) in the >10ps range
(--) Power loss ~3dB/100m -> lower freq, ULN ampl. (>10dBm)
(--) EMC sensitive

Long range 10s ... days:
Temperature, Humidity, Air Pressure,...
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RF-Synchronization — Overview Phase Distribution

e.g. RF-synchronization in combination with an optical synchronization:

Injector LINAC

GUN— Al — AH1——BCO— L1 —BCl— L2 —BC2— L3

s s

i

Experimental Hall

/_

RF Clock Optical Clock ) . .
- RF-re-snychronization for RF-cable drifts

up to 24 x LSU - MO, MLO PLL tlght b|nd|ng

Absolute phase noise from MO and
sub-systems with different noise BWSs :

i es‘id_u}aI‘Jitter il

-120

MO, MLO PLL
REFM-OPT

LLRF-System
BAMs ~150

-130 }

Phase Noise (dBc/Hz)
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I Sub Distribution

Customers:

Injector laser, pump-probe
Bunch-Arrival Monitors (BAM)
Laser-Pulse Arrival Monitors

4 - Low 1/f-noise Main-Oscillator
-Low  noise MLO
- Noise modelling, optimal BWs
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RF-Oscillators




RF-Oscillators — Concepts for optimal Phase Noise

= Combination of different oscillators :
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Offset from carrier frequency [Hz]
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m Phase-Lock-Loop (PLL) Synthesizer :

Bi(s) Be(s) tals)
f; ——== Phase Detector Filter VCONCM fa
— I N = - —
f
ﬁo Bo(S)N Programmable
Counter (+N)

PLL output noise
Free running VCO noise

S
A Sen(S) Jitter value “improved” by the PLL
' N Reference noise
SC multiplied to output
ﬁg * frequency

Sd}o(f) AN |
| ~ Courtesy
N of K.Czuba
|
|
Jn S
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RF-Oscillators — State-of-the-art (commercial) Examples

m SwissFEL - (SMA100A, commercial) :

m SRs (SMA100B, Korea-4GSR, DESY-Petra Ill, ARES ...)

10

abs. jitter 2.9988GHz
(10Hz..10kHz):

13.0fs (int. 10MHz ref.)
14.1fs (ext. Rb 10MHz ref.)

v

KN B W

1 kHz
10 kHz

1 MHz
10 MHZz

Intg Noise:

RMS Jitter:
Residual FM:

100 kHz

Start 10

Stop 10 z
Center 5.005 kHz
199 kHz

Analysis Range
Analysis Range Y:

9.0909 dBm

-87.9479 dBc/Hz
-105.2426 dBc/Hz
-123.2332 dBc/Hz
-131.9297 dBc/Hz
-131.7237 dBc/Hz
-140.7520 dBc/Hz
-159.1456 dBc/Hz

kHz

237.205 mHz

E S
A
S 0 -.s
2 U)o
;- -W&
1k 10k 100k 1M
offset frequency [Hz]

X: Band Marker
Band Marker
-75.2053 dBc / 9.99 kHz
RMS Noise: 245.612 prad
14.0725 mdeg
13.035 fsec

10M

“REFERENCE DISTRIBUTION AND SYNCHRONIZATION SYSTEM FOR SwissFEL:
CONCEPT AND FIRST RESULTS”, S. Hunziker et. al., IBIC2014, CA, USA MOCZB2
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Rb 10 MHz
reference

@

Master
oscillator

& distribution

Storage Ring / Booster Ring

500 MHz

450 MHz

Distr.
N

Amp.

20 outputs

[, @s500MHz ~

Distr.

——
-

l—s 20 outputs
= (@ 450 MHz

18.7 fs rms @ [10kHz,5MHZz]

Optical RF signal
transfer systems

SyncTX 500MHz

SyncTX 500MHz

Optical RF signal
transfer systems.

Diagram of RF

LINAC
3 GHz
—
500 MHz
Distr.

Optical RF signal Amp‘ -
transfer systems . *
SyncRX 500MHz :

signals distribution

Beam Line

Optical RF signal
transfer systems

500 MHz

“Progress in LLRF system development for Korea-4GSR”, Yong-
SeokLee, Pohang Accelerator Laboratory, Korea LLRF2023
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RF-Oscillators — State-of-the-art (very high performance)

LCLS-1l (1300MHz via 8x162.5 GMXO) : PAL-XFEL (DRO-based):
2.856 GHz phase noise —

e o ov[pon ovfaun sdeferenfEarenfsiop]s  [2017-03-06 16:34)

Resize MultiView Phase Noise
PPhase Noise 10.00dB/ Ref -20.00dBc/Hz Signal Frequency 2 8_-6 DD GHz RBW Z.0% SGL
Carrier 1. '-'[IUUEIEIle GHz  4.1085 dB [T = 27 AT - dbnm APARA
-20.00 p, 15710 hz T84 4170 gs . Chamal | aseal 7 AD WeAnn E I I " on ol
2: 100 Hz -120.1897 dBi veraging m - A% ase Nose
S0 D | 40 so06 o =t | Integrated jitter (1 KHz~ 1 MHz) : ~0.8 fs 1 ! o1 Clrw B S 1% Splr 608
3 z - . - - — - - -
5: (100 kHz -153.3752 dei Avg Factor ll—i: 10 kHz zlnrlr—.- Spot Neise [T1
Ay Tt 5T - -160 dBc/Hz at 100KHz offset | 1,000 Hz
»7% 429 Hz -109.6863 dB e 1
8: 410 Hz 1 \veraging T T
5. mowz | 13e8 on -170 dBc/Hz at 1 MHz offset [ |
10| 1.644 khz |-146. ! — T I 1.000 kHz
X: Start 10 Hz orrelation |
stop 10 MHz 40 dBHz 10,000 kHz
comter 5.000005 MHz L0 ey : | 100,000 kHz
5pan 9.99999 MHz L VO A
Nolae —em 1 et B0 dpcii e | : = | j—1.000.MHz
Range X: Band Marker e 1 _‘ | 10.000 MHz
¥; Band varker T i [
94 .
RMS -80 dBefHz et | - — 80 dBe
) 5, o | 1
RMS.é‘lt!‘:Er: 12 I i
Residual FM: 3 3 b
100 dBefHz S FELIEE | Al 1y 00 dbt
~ | : nZ TUUTKIZ
.
-120 dBfHz e L 1 20 dBc
—_ 1
el s '
-140 dBefHz = — 40 dBe
I T I~
- - -160dBc/Hz,
T T i
I ! [T
fo it
| I \'m ""M -180 dBc/Hz I -180 dBc
rﬂ, ‘N\N“le I
y | __iop0 | 2000 0 Ol 000 gl
300.0 mHz Freduency Offset 1 10,0 MHz
2 Integrated Measurements
Range |Tra-:e1 Start Offset | Stop Offset |  Weighting Int Noise | PM | FM | Jitter |
1.000 Hz 10.000 MHz 5. : 45.543 Hz 40.455 15
2 45 2 10.000 Hz 10.000 MHz : 5 1 :
3 00,000 Hz 0 M-z 0 af 5
FF Gan 500B Freq Band [250M-7GHz] LO Opt [<150kHz] 3 l]DLL_']E'kn: {E 83{1 |r~_:: 1 S SL F1 5.39 prad
Phase Noise [Start 1 Hz stop 10 MHz IETA 099 |\ - - - X
1

07.05.2016
RE"’\I "“ | DC R rur y

MO Integral jitter: MO Integral jitter:
10Hz-10MHz is 12.3fs. 10Hz-10MHz is 13.96fs.

100 H Z' 10kH Z |S 3 . 5fS [SpeC |S 101:8] 100 H Z' 1 M H Z |S 1 R 48fS “RF reference distribution and operation experiences in PAL-XFEL”,

Chang-Ki Min, Pohang Accelerator Laboratory,Korea LLRF2023
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RF-Oscillators — FLASH Evolution <100fs, <20fs, <2fs

» FLASH Main-Oscillator (MO):

it

FLASH:
4fs [>1kHz],
81fs [10Hz-10MHZ]
5 Racks battery buffered
2 redundant MOs
Phase jumps increased
after 10 years of operation ->

2008

XFEL

< 20fs [10Hz-10MHZz]
3 Racks

3 redundant MOs

Much less modules
Monitoring Diagnostic

2018

z
g
£

FLASH

< 2fs [100Hz-10MHZz]

3 Racks

2 redundant MOs
XFEL & FLASH crate compatible
External USV

2022
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—100 1

FLASH

Free-Electron Laser
in Hamburg

—120+

~140-

—160 1

—1801

—— New FLASH MO 1.3 GHz
— Old FLASH MO 1.3 GHz
—— E-XFELMO 1.3 GHz

Courtesy

of H. Pryschelski, K. Czuba

10° 10" 10° 10

Frequency offset [Hz]
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FLASH
MQO: Sub - 1fs Reference for FLASH FE.SL

in Hamburg

FLASH new Main Oscillator : Absolute Phase-noise : Integrated Jitter:
<12 fs[10 Hz to 100 Hz]

MultiView (| Phase Noise @ISpectrum @1 < 1 8 fS [100 HZ to 1 kHZ]

Signal Frequency 1.3 GHz RBW 1%
Signal Level 1452 dBm XCORR Factor 50 O 8 f 1 kH 1 M H
@ Att 0dB  Meas Time ~246 5 < S Z to Z

1 Noise Spectrum

1.3GHz, +46dBm, Health monitoring

. 100 Hz 1 kHz 10 kHz 100 kHz " 1MH2M1[2] -137.86 dBc/Hz
a0 dRr/H 1. 310 kHZ
i Spot Noise![T1] |
-ipo.d e — dﬁb:dttz—
i { 100.000 Hz | -118.01idRe/Hy
-110 dBe/H e e alB:cngz
| MI 10.000 kHz | -162.86] qu/H;z
-120 dBc/H H— T h “‘ ! e +EF 8- da b
| % l 1,000 MHz | -169.65! dIBd/HE
-130 dBe/H ‘th U - T E00- Mz 7072 élEt;ﬁH‘-z
-140 dec/H W - 1 h :140 dBc
-150 dee/H WWMM flsu dBc
-160 dBc/H % il :160 dBc
i 3 [
i ATy A, N‘l ] Pl
-170 dRc/H 4 272,
-120 dc/H le}D‘dl.':\c.—

10.0 Hz B Frequency Offset N 3 N N 10 0 MHz

2 Integrated Measurements

Range |Trace| Start Offset | Stop Offset |  Weighting | IntNoise | PM | M /am | Jitter |

1 1 10,000 Hz 100.000 Hz -83.69 dBc 5,30 m°/92 44 prad 2 mHz 11.318 f=

2 1 100,000 Hz 1.000 kHz -99.63 dBc 545.58 W7/14.76 prad 3mHz 1.807 fs

3 1 1.000 kHz 10.000 kHz -115.67 dBc 133,44 4°/2.33 prad 7 mHz 285,126 as

4 1 10,000 kHz 100,000 kH=z -116.30 dBc 124,00 p°/2.16 prad 120 mHz 264.954 as

5 1 100,000 kHz 1.000 MHz -109.37 dBc 275.49 u~/4.81 prad 2,783 Hz 588.656 as

5] 1 1.000 MHz 10.000 MHz -100.87 dBc 733,48 pf12.80 prad 76.486 Hz 1.567 fs

7 1 10,000 Hz 10.000 MHz -53.49 dBc 5,42 m°/94. 66 prad 76.537 Hz 11.585 fs
i I (D [

Under license from DESY
KVG Quartz Crystal -

—_—
Technology GmbH K\/G lse 4 -Improvement of int. jitter from 38 fs to 1.8 fs [100Hz, 1MHz]
info@kvg-gmbh.de - fs-laser systems locked to the reference show significant improvement

15:09:06 20.09.2023

Quartz Crystal Technology GmbH
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MO-MLO Lock: Residual Noise
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- - - - T : : Courtes
® MO-MLO in-loop residual phase noise (tight lock, BW limited by fiber-stretcher) : y
of T.Lamb
T |4 [ T T T TTTTT T T T TrTITg T T T T T TTT T T T T T T ]
0.03 017 1.21 1.41 0.96
.-ID_-I -_
l 12 F .07 .52 57 4 5 .
"‘r:l“ I e
T
E ol MLO1 / FLASH MO after 06/20 |
2 ” MLO1 / FLASH MO before 06/20
= = MLO2 / FLASH MO 01/23
= £
= 5 °f i
w -
5 | =
© 102 o 5L i
I i b
5 g
Q Pl 4 ol : A c 4L -
; - _/"\/.‘,_\‘I.ﬁ,_x/"‘fl.-“"' "
> MLO1/ FLASH MO after 06/20 2 ¢ Pab. A% 1
= MLO1 / FLASH MO before 06/20 e
= MLO2 / FLASH MO 2023 LT
D L . HE S e e T 1 1 Lol pal F
107 I T 101 102 10° 104 10° 10°
10" 102 107 104 107 . .
frequency in Hz requency in Hz
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Towards as-Precision — MO Application LLRF

w SRF-Cavity (1.3GHz, Q, 3:10%, BW 200H2z) : » LLRF Component Requirements :

Master reference (MO) : <-170dBc/Hz
Actuator chain (ACT) : <-140dBc/Hz
Field detectors (DWC) : <-175dBc/Hz (-150dBc/Hz)

: i —————'nﬂalnnduced]
b nte ot dot| = MO (induced)

PM, AM Speciﬁcations
-100 T

10 f-- 47

[=]

A20 -

"y
(=]

-130

140 |- -4

AB0 -

—k
D|

Integrated Time Jitter [fs]

-160

ATOf-- 47

SSB phase noise, amplitude noise [dBc/Hz)

-180

'Fu:eeld Detektor;CSl

10 10 10° 10* 10° 10°
Offset Frequency [Hz]

10 10 10 10° 90l : :::::::|2 ]
Loop Gain
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RF-Distribution — Passive — optical re-synchronized

m e.g. RF-synchronization in combination with an optical synchronization:

Injector LINAC

GUN— Al — AHL——BCO— L1 —BCl— L2 —BC2— L3 —

T BEEER) Fo® geR

Experimental Hall

RF Clock Optical Clock ] ) Sub Distribution
| Mo SRR MO | Correction for drifts from RF Cables sLO
£ 9 ~0.5ps
©
m Laser-to-RF phase detector : g ° ~12ps (after shutdowns) after
: 5 3 BC2
o Alll — A3 — A4 — A8 —
o O | | | | |
(&) /
o() | | | | I I | :
@
3 25 \//' i
©
8 24 w 1
% | | | | | | I-I‘I — L2I - L3 I_
= 0 10 20 30 40 i i5nOh 60 70 80 90 Courtesy: T Lamb
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RF-Distribution — Passive, temp. and gas stablized es5) o

= ESS RF Phase synchronization system: Reforance Ling" K. Cauba, Korea LLRF2023

- Single 1/5” coax rigid line for 352MHz and 704 MHz

- 58 RF-TapPoints, 294 outputs, + 17dBm

- Temperature controlled line with 0.015 deg p-p

- Temperature controlled coupler TapPoints with 0.1 deg

- Nitrogen gas to remove humidity, pressure stabilized 1mbar

w Single 1/5" coax riged line :

m TapPoint coupler / Cable heater

m Out-of-loop verification 0.12 deg pp in spec :

MO
< ~128m
ESS - Phase Reference Line

. =
m Gas pressure influence on phase :
0.11 deg / mbar for 600m &
achieved +/-1mbar pressure stability 1O Drift of PRL seems
quite sensitive ; / = better than tests (TBD)

Bidirectional
RF over Fiber
- RFoF
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RF-Distribution — Passive — temperature stabilized

PAL-XFEL (Pohang) RF-synchronization system (2.856GHz RF), ~1.5 km):

“RF reference distribution and operation experiences in PAL-XFEL”,
Chang-Ki Min, Pohang Accelerator Laboratory,Korea LLRF2023

- Single cellflex line for 476 MHz, +30dBm (Drift transport)
- Local re-synchronization via PLLs and DROs to S-Band (Jitter transport)
- Temperature controlled line with water pipes to 0.01 deg / day

» Duct cross-section

Timing Room l_ [_ Outer steel duct
X : X Band Cavity (oFC Q.@ RO) |
BEBeamArrIval Monitor L : ﬁ s 85 Inner aluminum duct
D : Deflector 2856MHz ATOMHZ oo
EVRNL DD L3S | D | B [C-BPM|B | |EXP |3 e 888. o o
Y 332
— =0 — — = — — _— _; W /
Cu pipe
Thermal insulator for water
Main line (cover open)
Gun ! L
= @) EBGERE- &k
r —™ : U llll“ lll; ik-l‘- lll; & h‘ h '
. &R £ A4 ‘
L4 B (C-BPM| B EXP

Gun|LO(B| L1 [X|B|D L2 L3AB (D

Y
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RF-Distribution — Passive — temperature stabilized

m Long-term performance / verification:

m Short-term DRO, PLL performance:

HOoImw ot
o HATDE 28 1 X2

-1D
-20
-30
-0
-50
-B0
-TO
-BD
-0
oD
o

120 W

130
1o
150
160
1T
(1:1:]
(1]

Integrated jitter (1 KHz~ 1 MHz) : ~0.8 fs

Phase Noise 2.856 GHz phase noise
Slome ey 20550000 e SO 2% -

®1Clrw PN Si 1% Spur HAB

-160 dBc/Hz at 100KHz offset dBesH
-170 dBc/Hz at 1 MHz offset m 2.3?:
10.000 kHz i dH::;H
100.000 kHz - dBc/Hz|

1000 MHz - 16! SH:

.47 dBc/Hz
10.000 MHz -176.94 dBc/Hz|

7 Integrated Measurements
Range |Trace| StartOffset | Stop Offset |  Weighting

1{eTe
i
1 1 1.000 Hz 10.000 MHZ T 6579 d8c 0.04 =/725.95 jra 45.543 Hz 40.455 fs
2 1 10.000 Hz 10.000 MHz I -7503d8c 0.01 °/250.57 45.543 Hz 13.964 f
3 1 100.000 Hz 10.000 M-z 93.86 dBc 0.00 ®/28.69 L 45.543 H; 1.599 fe
4 1 1.000 kHz 10.000 MHz 97.26 dBc 0.00 2/19.39 ra 45.533 H; 1.080 f
T ey DR W6 p
W SENLME NEETION
3

M IBRA0HD -3 WX D0 kHz 1488

N oM B ke -nSa W 10010 ke 1838

S 100 kHz -T49.4

Integrated jitter (1 Hz~1MHz) : ~0.6 fs

P '-kl A L
v "

=

— i i
Mwﬂwmm&r”; .

i

iHz 10z A DDy 1z 1 Dz 1 DD MHT

W - 10 Therss - 11 muin 3 war Eran - TEA6 001 STA N M Prasar 11 % AAm

e

0cXo

~730 m

“RF reference distribution and operation experiences in PAL-XFEL”,

Chang-Ki Min, Pohang Accelerator Laboratory,Korea LLRF2023

A

476 MHz

RRRRRN RRRRRRRANT
Optical fiber LLRF

E/0 |

0/E

Ea

Libera Sync3

A

21 A L e —. f ............... = b
2 e Y

2] SR S

a E

' wililn ] 2]

e

m
i

— <10 fs rms jitter

. ~'0§.5"Q§!‘day j(corréesponding to ~0.005°C)

1ps_pp, 3 days, 750m -> 44fs/day/100m
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RF-Distribution — Interferometer Basics

MO |

= J

I , I

I ’ |

| | | R

| | ' Ly=a+B | | Ly=a+ jB Ly=c+ B

| | : 1 | |

A e i | :

| | | ¥ : ¥ E

| Vv ' | | A A ,1{

: _V‘(_ ‘ 1 C, Ca

L A N L~ L~
| I I_ _____ - I I

Reflected Forward
signal | signal

m Conditions:
- Constant phase shift of the short — fixed by the feedback loop
- Equal signals at the combiner inputs — attenuation and phase adjustments
- Properly set distance between short and TapPoint (L1, L2, L3)

FIL

1.3 GHz RF INPUT

Idea of phase averaging reference line by J. Frisch, D. Brown,
and E. Cisneros (paper titled, “Performance of the Prototype
NLC RF Distribution System”), continued by Brian Chase and
Ed Cullerton (,Reference Line Presentation”, LLRF 2011)
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RF-Distribution — Interferometer Basics
A Suppression factor SF(S11):

Coupler’s isolation limits
phase adjustment accuracy

S11 <-40dB, 40 deg operation range

I i L y=a+ B 1 Lyy=a+ jb L, y=o+ jB
I | i Ag .
; ¥ ¥ S11 <-20dB, 4 deg operation range
V,=V.e ¢ ! N ¥
v 1
SR A | L~ g L~
T Wt h ' TP1 SF (C5, C6 RL=-25dB, -35dB, -45dB)
ZDD : : EI I-: | l||. :- T :: T r 1 H T E J1 |E E- T
: 1 C5, C6 RL=-25dB
“ & 8o : : : 1 : : |- = -C5 CBRL=35dB| |
i i I s C5, CB RL=-45dB | |
B Ik i : i NI
1 edl Ca
taor : ‘l ! : : Igalilllratitl;ﬁ before every sample ]
L it I' Perfect RL: Amp, Cable
] 120 T I : 1 , | | €5. €6, D=nt, 1=inf, IL=30B
Operation: = ok s g1 T 11
. . . . . . w I i !
- Cable Phase drifts appear at the combiner inputs with opposite signs sof Il
- Phase of the combined vector not change — no phase drifts at the output ol
- Performance limited by cable loss (S11, S21) and coupler isolation wl
- Automated adjustment of phases of about ~70 Tap points (XFEL) 20t
° 0 50 100 150 200 250 300 350

Cable Phase [deg]
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RF-Distribution — Interferometer — Laboratory Results

m Simplified RF-interferometer link:

AN

“Phase Drift Compensating RF Link for Femtosecond
Synchronization of E-XFEL”, D. Sikora, IEEE TRANSACTIONS
ON NUCLEAR SCIENCE, VOL. 67, NO. 9, SEPTEMBER 2020

Phase

(

@)

1 |
~, ! goupler €1 ohon o | Cable 1 nlaiieisisisisisisisisisisisisisisieisisisisiaiuisiniut
I f g " I
: Phase I } :
: Detector I } |
I |
| JPhD1f--- | |
! “ ! TN | Interferometer Forward Signal P
| _ | Ay | Ph_asa
: 0 s 5 4 } Cable 2 ( ( ) ) -~ J %ﬁ:’pler (f: Sh"}el\( iouDlerUc: Reflected error cé::mlw ﬁ?
I N L S
=l @meé"z T L] A [ | 3 s
! Inoon | Interferometer Reflected Signal >
| |

= Basic
Automated
Adjustment:

Simulate phase drifts
PhS2 = n +i- AD

v

Supression factor calculation
SF = f{PhS2)

Mo

n=n+1k:

Ye:

Select best PhS2 with SF max

Phase
Shifter

Col

Coupler Cé

£f lso

Coupler isolation

|
|
I
|
|
|
|
|
|
|
I Improvement
| . -30dB -> 50dB
| Switch W SW2
I E
I £
Power Z
I Detector <
! 2
P
! PwD1 22\
: EG
|
: Phase 5 N
Datect
| etector -E \/
| PhD2 8L
| .
I Power S‘pl'ﬁm 'ﬁ 9.
| Detecl ]
! elector N - g
2 o . |
| PwD2 TapPoint!
____________________ Y _ . ___a
ouT

= Laboratory prototype results:

T : -+ 0,04

6 L |
gt 1 0,06 &
- )
% 2 + + -0,08 &
< 0+ + 01§
-2 + 1 0125
0 o
84T - -o,14§

6 4+ 1 0,16

82,6 82,8 Time [h] 83 83,2

- Suppression of typ.10ps to <50fs,, (SF=200)
- Setup and out-of-loop detectors not stabilized
(neither in T, RH), only 1 chamber @ this time.
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RF-Distribution — Interferometer — Challenges for sub-10fs

Suppression factors (SF) >1000, simulation vs. measurement :

Tappoint O/P signal phase stabilization factor vs. RF cable length
for delta L{cable) = 2.8mm (=5° delta Phi(cable))

|

|
|
) |
|
|
\

a
/\ J

. |\
A VAR N/

49,84 49,86 49,88

499 49,92 49,94 49,96 4998
cable length [m]

Courtesy of
H. Pryschelski, K. Czuba

Maintain high SF during

long-term operation:

e

Tappoint O/P phase stabilization factor SF
- measured -

10000

9000

8000

7000

6000 ——

5000 —

phase stabilization factor

21 41 61 81 101 121
cable phase shifter angle [*]

- Simplify setup by using calibrated digital receivers

- RF-cables and connectors should have S11<-35dB
- “On the fly” system recalibration or slow correction

- Requires a group effort for R&D and implementation
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RF-Distribution — Interferometer — S11 Cellflex cable Limits

0.00

-5.00

-10.00

-15.00

-20.00

-25.00

XY Plot 1 COU rtesy Circuitt
- Curve Info
of U.Mavric — aasport port
LinearFrequency
[ L #M«M, —— dB(S(Port1 Port2))
B R LinearFrequency
Name | X Y T T —— dB(S(Port2,Port1))
m1  [1.2791|-207262 T .——.| LinearFrequency
] m2  |12764 | 26965 — dB(S(Porz Portz)
3 |1.2669 |-30.9767 NIEMTTERENCY
= Wave structure — s 1)

Airgaps
Inhomogeneous dielectric density

S11 < -40dB with flat copper structure
S11 = -33dB with wave structure
S11 = -20dB with wave structure and airgaps———

— R

)"")}
[tk ‘
LA il

/
T T

a0

: T
3do
Freq [GHz]

Fig.10: Case c,1/2“ cable extended to 43.2 m. S11@1.3GHz =-20 and IL@1.3GHz=-2.69 dB.
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RF-Distribution — Interferometer — first Tests, SLAC - LCLS-II

m LCLS-II structure:

LO L1 L2 L3 Lf
p=** p=-12.7° p=-21° @=0 p=%34
V=100 MV V=211 MV HL Vi=1446 MV Vy -2206 MV V=202 MV Future
."pk=12 A .-'pk =12A ¢@=-150° .*pk=80 A f =1.0 kA .‘DR=1L0 kA expansion

a,~1.02 mm ,=1.02 mmV,=64.7 MV a,=0.15 mm —Qme 7,=9.0 um
e o owae Jsso N cos }-{ cmte J{ cmts |- ouss J owess } 55"
GUN E—1DU MeV E—250 Me‘v’ E—1600 MeV
750 keV Rzg=-14.5 mm R:5=-55 mm Rge=-37 mm

a~0.05 % a=1.6 % g+~0.38 %

100-pC machine layout: April 24, 2014; v21 ASTRA run; Bunch length L, is FWHM ** LO cav. phases: ~(3°, -15°,0, 0, 0, 0, 15°,0°)

m Phase reference lines (PRL) :

to LLRF, 1300 MHz (REF), 1-5/8” Rigid Line, 650m
1320 MHz  (LO) W
LO-L1: 6 Couplers, 24 Cav. -
L2 : 6 Couplers, 96 Cav.
L3 :10 Couplers, 144 Cauv.

to XTES, 1300MHz (REF)

to LCLS, 476MHz (REF)

to Timing, 1300MHz/7 (REF)
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RF-Distribution — Interferometer — first Tests, LCLS-1| [

Using self-exited loop (SEL) and detuning equation: Reference to cavity phase BERKELEY LAR

“Drift Obserygtions and Mitigation in LCLS-II RF”,

Shreeharshini Murthy, Korea LLRF2023
Aug 12 9PM POT to Aug 14 9FPM POT, 2023

\F:t) 7 M Y A WM M
bphase / 12 VT e WW

Shifter (_.-
Zx.ﬂmpliﬁer (e,) A A NN A A

LLRF

S

[=]
Lo}
1

) I
AW =
Attenuator — 0 o 0.8
=]
,t— —
Limiter e
w
(=]
& 0.5

0.4

74 . Median span drift phase difference is 0.14 deg.

- It includes PRL + forward and cavity cables to 021
the tunnel within the day-night temperature cycle. o
0.0
- A residual out of loop test might be helpful. : : : :
0 10 20 30 40
t (hours)
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RFE-Distribution — in comparison CW optical Links

Phase drift correction by the reflectometry technique :

(Standard SMF)
Drift ~40fs/m/K, 2.5 fs/m/%RH

Transmitter Receiver

Optical splitter

SMF

CW laser Circulator @_ Fll‘-_llM
source MZM " EDFA (@) — > ”\
g # +} % Local
E 5 oscillator
Reference £ 2
oscillator / _)-V'\u,}
S 1 —sy
; I ~ PD =
PD
Phase detector 2
Phase detector 1
| LLRF
—_ ¢ , . T72ps _
Parift = /2 + ¢, Drift reduction: /53 fs= 1358

Courtesy
of S.Jablonski

Long-term synchronization inaccuracy:

Phase [ps]

Phase [fs]

201

0_

-20

-40

I‘Zq)aift of the 1.3 GHz signal transmitted over 2 km fiber link

s

—

5 10 15 20 25 30 35 40

Long-term synchronization inaccuracy

40

Moving average over 10 min.
20 Moving average over 1h m

NG
. " i TR TS |'
0 ; i ! l' T | L .b'|I Y " i / '. ' | T

20 i
_40 1 1 1 1 1 1 1

5 10 15 20 25 30 35 40

Time [h]
. Long-term stability:
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<50 fs_pp for distances < 0.5 km
<100 fs_pp for distances < 2 km

Other good examples:
Libera Sync, Berkeley Sync-Head
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Summary and Outlook RF-Oscillators ...

State-of-the-art RF-oscillators have integrated jitters for frequencies >1kHz below 1fs.

For a minimal beam arrival time jitter, the 1/f-noise of the MO should be further reduced.
For optical systems the MLO should be improved to avoid un-correlated noise from group delay.

To avoid spontaneous phase jumps after years from Quarz oscillators, modern MOs
should offer the possibility to exchange oscillators “on the fly”.

Below 1fs, passive and active vibration cancelation methods must be applied.
Silent racks, fans or water cooling will have an impact on the installation of facilities.

Summary and Outlook RF-Distribution ...

Passive stabilized RF-distribution systems showed a long-term stability in the ps_pp range.

The short-term stability is relatively easy to achieve and distribute below 10 fs_rms.
Often small facilities starts with low cost RF-distribution systems and extend to optical systems.

DESY.“State-of-the-art RF-Oscillators and Synchronization Systems | FELs EUROPE, Hamburg, Germany | Dr. Frank Ludwig, 14.11.2023 Page 25


http://looneytunes.warnerbros.com/

Summary and Outlook RF-Distribution ...

An optically re-synchronized RF-Distribution combines benefits of robustness and performance.
State-of-the-art (femtosecond) phase reference lines use active drift stabilization techniques
either for RF cables or optical fibers. Optical CW links show results in the 50fs_pp regime.

RF based interferometer are either not verified or show similar results in laboratory.

For sub-10 fs long-term stability, actively compensated RF cables requires suppression factors
much higher than 1000 or link lengths in the order of less than 100m.

Many facilities require an out-of-loop link measurement to verify their link performance precisely.
RF-cables needs to be characterized in T, RH systematically.

BB-Feedbacks are needed to remove many tiny residual drifts, e.g. from cavity pickup cables ...

Thanks for your attention!
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Different synchronization approaches

Various approaches:

standard reflectometer

1) RF distribution ‘
f~100MHz ...GHz .

: @ _ﬁt—/\_.//\/' ~_ — 12

2) Carrier is optically
. o I\/\/\/\/\/\__,

3) Pulsed optical source

Af ~ 5 THz , , , , , ,

e | g <« | I I I I I I

OXC I

Mode locked
Laser

First proposed:
Overview:

J. Kim et al. Proc. of FEL2004 conf., 339-342 (2004)
M. Xin et al. Light: Science & Applications (2017) 6, e16187,
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Courtesy
of H.Schlarb

LCLS
PALXFEL
FLASH
EuXFEL

SwissFEL
(SACLA)
PALXFEL

FERMI
FLASH
EuXFEL
SwissFEL
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